The dynamics of droplet formation of liquid in a piezoelectric inkjet printing process with bipolar pulse and drop-on-demand (DOD) mode is investigated in this study. Two liquids with different viscosities and surface tension coefficients; alcohol and ethylene glycol, are studied. The effects of pulse voltage on the droplet formation are also examined. A piezoelectric actuated inkjet printhead with a nozzle orifice of 30 mm in diameter is employed to conduct the investigations at room temperature (25 C). The complex morphologies of the droplets during their formation, which include ejection and stretching of liquid, contraction of liquid column, pinch-off of liquid column from nozzle exit, breakup of liquid column into primary droplet and possible satellites, and combination of primary drop and satellites, are demonstrated. The droplet size is in the range of 23-37 mm. The investigations also show a workable pulse voltage range; between 28 and 40 volts, exists for the droplets to be smoothly generated and ejected for alcohol where viscosity and surface tension coefficient are smaller. The range is between 30 and 50 volts for ethylene glycol. Within this workable voltage range, one single droplet for each pulse can be achieved with lower voltage. For the intermediate voltage, two droplets are generated initially and collide into one during the flying stage. For the higher voltage, multiple droplets are formed without recombination. It is also found that the velocities of the main droplet and satellite droplet in the different voltage ranges are responsible for whether the multiple initial droplets can be recombined.
Introduction
Drop-on-demand (DOD) inkjet printing process is an attractive method for direct writing of liquids in the desired locations. 1) Multi-materials and functional microstructures can be readily constructed. It can generate micro droplets on demand from a few micros to tenths of millimeter, accurately print patterns in a non-contacting mode, and easily control in few Hz to MHz for jet device. DOD inkjet technology has been demonstrated in several applications, including DNA micro arrays, organic transistors, light-emitting diodes, and solder bumps in flip-chip packaging. [2] [3] [4] [5] Hence, employing an inkjet printing process can simplify the processing procedures and enhance the precision/resolution for fabricating metallic microstructures such as micro-joints, micro-interconnects as well as other desired patterns.
With the piezoelectric actuated inkjet printhead, a number of signal waveforms can be applied. The single pulse is a simple method to drive the piezoelectric device. However, satellites are easily formed, which is undesirable for the printing process. A rather comprehensive theory to discuss wave propagating in the nozzle had been developed by Bogy. 6) Based on the theory, two types of signal waveforms for DOD inkjet printing are suggested in order to improve the satellites problem. 7, 8) One is double-peak waveform and the other is bipolar pulse excitation.
According to the relationship between voltage and cavity pressure for the bipolar pulse excitation, a positive voltage applied to a radially polarized piezoelectric ceramic crystal surrounding a glass capillary tube of printhead is to initiate a negative-going impulse to attract the fluid into the nozzle inward. While the fluid is in motion, the fluid is hit with a properly timed positive pressure impulse, causing the central region to be accelerated outward at a higher rate than the fluid near the nozzle walls. If this positive pressure wave has enough energy, it will eject a droplet. 9) In earlier studies, the time evolution of the liquid shape, which includes ejected liquid from nozzle to form liquid column, necking of liquid column, variations of liquid column, and formation as well as combination of main droplet and satellites, has been observed during the formation and ejection of the droplet. 7, 10) At early stage of ejection, the contracted transducer expands; liquid in the nozzle is accelerated and pushed out of the nozzle orifice. The meniscus quickly extends outward until a liquid column with a round leading edge is formed. Afterward the growth of liquid column causes stretching and the liquid necks at the tail. This necking position remains at the nozzle exit and the radius of the liquid column here continuously thins. If the liquid weight and deformation force of PZT device can overcome the surface tension of liquid, the liquid column will separate individually. Moreover, the residual liquid will recoil at the nozzle orifice. Then the breakup of free liquid column develops to one single droplet or a primary droplet with satellites. In some but not all conditions, the satellite recombines with the primary drop to form a single droplet.
The present study aims to consistently generate single droplet with minimal droplet size and solve the satellites problem using a squeeze mode piezoelectric printhead, which consists of a cylindrical piezoelectric tube that surrounds a glass capillary insert, with bipolar pulse excitation. A number of process conditions with emphasis on the pulse voltage are investigated. Fundamental understandings of the liquid behaviors responding to the process conditions are to be obtained. Two liquids; alcohol and ethylene glycol which have different viscosities and surface tension coefficients, are also employed to study the effects of liquid properties on the optimal process conditions.
Experimental Method

Experimental Setup
The experimental setup for the DOD droplet formation is shown schematically in Fig. 1 and flash photography is utilized to observe the evolution of the liquid droplet. A control system includes a strobe driver, waveform generator, and image collection system. A strobe driver controls the delay time of the laser emitting diode (LED). The pulse voltage, shape and frequency of the waveform can be programmed according to the requirements of the printhead and liquid. The reservoir connected to the printhead by a tube utilizes capillary force to supply sufficient fluid so that continuous liquid column can flow through the nozzle orifice. In order to repeatedly generate uniform droplets, the reservoir is connected to a vacuum pump to reduce the back pressure of negative force and adjust a suitable pressure to prevent the liquid leaking from the printhead. The diameter of the orifice is 30 mm. The evolution of the droplets between nozzle and substrate can be observed and recorded using a CCD camera. Hence, the morphology, breakup time, flying distance, and volume of droplets can be studied. In order to approach the real printing process on substrate, the observed distance from nozzle is around 2 mm.
Experimental Conditions
A schematic diagram of a typical bipolar pulse waveform is shown in Fig. 2 . A bipolar pulse waveform can be used to eliminate some of the residual acoustic oscillations remained in the printhead after droplet ejection. Numerous variables including the waveform, backpressure, and ambient conditions can be adjusted in a DOD inkjet printing system. In order to simplify the complex printing process, some process conditions are kept constant in this study.
An optimal pulse length of waveforms for driving the printhead has been determined experimentally by observing the droplet formation by Shield. 10) Their results reveal that the pulse length of 10 ms can achieve resonance condition so that the droplet forms without satellites. The printhead employed in this study is different from that in Shield's experiments. Based on Shield's results and experiments conducted by the authors, the optimal pulse length, which is referred to the dwell time in this study, is found to be 5 ms. Another important process condition is the frequency. A proper frequency of waveform should prevent the wave propagation from indiscipline and obtain sufficient illumination from LED light for quality images to be caught. It is found that the regularity and repeatability of droplets are satisfactory when the frequency of droplet ejection is 500 Hz. Therefore, the bipolar pulse waveform employed in this study is set to be 2 ms for t rise , 5 ms for t dewell , 2 ms for t fall , 5 ms for t echo , and 2 ms for t finalrise . The primarily concern in this study focuses on the pulse voltage of the bipolar waveform. The applied voltage deforms the piezoelectric device to squeeze the inner glass tube. The voltage magnitude must be high enough to generate droplets ejection. However, the ejection becomes chaotic under exceeding voltages of waveform. Since the liquid drips from the printhead due to gravity, a slightly negative pressure about 99.3 psi has to be applied in the reservoir to control the liquid level near the orifice. All printing experiments are operated at room temperature and in ambient atmosphere.
Studied Liquids
Different combinations of the process conditions have to be employed to produce reliable monodisperse droplets for different liquids. Alcohol and ethylene glycol are employed in this study. Alcohol is a low surface tension and low viscosity liquid. Ethylene glycol on the other hand has a higher surface tension and also higher viscosity. The surface tension coefficients and viscosities of the two liquids are shown in Table 1 . The properties of an ink can be adjusted by properly adding these liquids. Figure 3 illustrates how the liquid column, flying distance, and diameter of droplet are measured from experimental observation. Firstly, the standard scale of 500 mm; A, is calibrated by adjusting two printhead positions with z axis motion. The liquid column can be derived from the ratio of B and A. It can be calculated with the relation of ðB=AÞ Â 500 mm. Meanwhile, the flying distance can also be calculated through the relation of ðC=AÞ Â 500. For measuring the diameter of single droplet, where the liquid droplet is sphere at certain moment, is selected. One particular image can be calculated with the relation of ðD=AÞ Â 500 mm. Finally, the average velocity is estimated by the relation of (flying distance)/(t 2 À t 1 ) for a very short time period. There are several types of droplet formed during the ink-jet printing process. In some cases, the liquid column breaks up to form main droplet and liquid thread. According to the above description, the development of size and velocity during recombination and satellites can be analyzed. Single droplet or multiple droplets with or without combination may be occurred under various pulse voltages of waveform.
Analysis of droplet observation
Results and Discussion
Observation of droplets
In this study various pulse voltages have been tested for both alcohol and ethylene glycol. It is found that the minimum critical voltage for alcohol is 28 voltage, below which droplet can not be formed and ejected. If the pulse voltage is higher than 40 volts, droplets are generated in a chaotic manner. For ethylene glycol, which has higher viscosity and surface tension, the minimum voltage is 30 volts and maximum voltage is 50 volts. Before the droplet is separated from the nozzle, the effect of positive pressure is larger than that of surface tension. As a result, the velocity and length of the droplet keep increasing. When the droplet is separated from the nozzle, liquid properties and inertia balance the internal rheology of the droplet. This shortens the length and changes the velocity of the droplet. Hence, the trailing thread disintegrated from the liquid column with a lower velocity than the main droplet becomes a satellite droplet in some cases. 9) Within the workable voltage range, three different conditions are observed. The first case is that single droplet can be generated and ejected for each cycle of the waveform, which is the most desirable condition of the DOD inkjet printing process. The second case is that multiples droplets with one primary droplet and satellites are initially formed. However, the satellites eventually collide with the primary droplet before it hits the substrate. This is less desirable than the first case, but acceptable in most applications. The third case is that multiples droplets with one primary droplet and satellites are initially formed while the satellites never catch up with the primary droplet before it hits the substrate. The experimental results are summarized in Table 2 . '8' in the satellite column represents the condition where no satellites are observed, which corresponds to the first and second cases. '3' in the satellite column represents the condition where satellites are observed, which corresponds to the third cases. The conditions under which these three cases are formed are described in more detail in the following sections. 
Ã '8' in the satellite column represents the condition where no satellites are observed and '3' represents the condition where satellites are observed.
Process Conditions for Single Droplet to be Formed
The conditions of droplet formation and injection for alcohol with pulse voltage of 28 volts are shown in Fig. 4(a) . It can be observed that only one single droplet is generated and ejected for each cycle of the waveform. During 25-40 ms, a positive pressure through the glass tube pushes the liquid out of the orifice. A liquid column with a round head shape and a slender tail is observed. At 45 ms, the liquid column is extended to a maximum length of 65 mm and completely separated from the nozzle. During 46-50 ms, the tail of the droplet contracts continuously to become a single droplet due to the effects of surface tension. After 55 ms, the spherical droplet remains the same shape and diameter of 23 mm throughout the whole journey. The length of the liquid column is also measured and the relation for the tailing length to proceed with time during the ejection process is shown in Fig. 4(b) . For the pulse voltage of 29 volts, the results are similar to those in Fig. 4(a) with a slight increase in droplet size to 26 mm.
The conditions of droplet formation and ejection for ethylene glycol with pulse voltage of 30 volts are shown in Fig. 5(a) . Again, only one single droplet is generated and ejected for each cycle of the waveform. With higher surface tension, the separating time of the liquid column from the nozzle is delayed to 65 ms and exhibits a maximum tailing length of 113 mm. In addition, the contracting time for the tailing part becomes longer between 66-75 ms. After 80 ms, a steady droplet with the diameter of 26 mm is formed. The relation for the tailing length to proceed with time during the ejection process is shown in Fig. 5(b) . For the pulse voltage up to 43 volts, the results are similar to those in Fig. 5(a) with droplet size of 37 mm and tailing length of 402 mm increase with increasing voltage. 
Formation of multiple droplets with re-combination
The conditions of droplet formation and injection for alcohol with pulse voltage of 30 volts are shown in Fig. 6(a) . As higher voltage results in longer liquid column when it is separated from the nozzle, the surface tension of liquid can not sustain the liquid in one droplet. As a result, a main droplet is separated from the tailing part, which forms satellites during 53-55 ms. However, the satellite is seen to catch up with the main droplet and merge into one single droplet again during the period of 60 to 65 ms. During 66-85 ms, the recombined droplet starts to contract and adjust its shape to become a sphere. The relations for the lengths of the single droplet, main droplet, and satellite to change with time during the ejection process are shown in Fig. 6(b) . The main droplet maintains the same shape and size of 26 mm. However, the satellite length is decreased from 23 to 16 mm. Eventually, a single droplet of 28 mm in diameter is formed.
The conditions of droplet formation and injection for ethylene glycol with pulse voltage of 44 volts are shown in Fig. 7(a) . The images show that a liquid column of 470 mm in length is observed at 65 ms. The maximum liquid column length and satellite length under 44 volts for ethylene glycol are 5 and 4 times of those for alcohol under 30 volts, respectively. Again, the satellite is seen to catch up with the main droplet and merge into one single droplet during 140-165 ms. The relations for the lengths of the single droplet, main droplet, and satellite to change with time during the ejection process are shown in Fig. 7(b) .
As seen from Fig. 6 (a) and 7(a), it is rather difficult for the tailing part of the liquid column to separate from the main droplet for ethylene glycol, where two droplets are readily formed with one main droplet larger than the satellite for alcohol. However, for both cases the satellite catches up with the main droplet and the two re-combine rather quickly.
According to Dong, 7) a necessary condition for the recombination to occur is that the axial speed away from the orifice of the satellite should be higher than that of the main droplet. At 55 ms, the separating distance between the main droplet and tailing part is about 4 mm in Fig. 6(a) . From  Fig. 6(c) , the speeds of the main droplet and tailing part at 55 ms are the same. Subsequently, the speed of tailing thread is higher than that of the main droplet and causes the tailing part to catch up. However, the re-combination is complex for ethylene glycol with pulse voltage of 44 volts. At 135 ms, the separating distance between main droplet and tailing part is about 14 mm in Fig. 7(a) . From Fig. 7(c) , the speed of the main droplet at that time is higher than the tailing part. During 140-150 ms, the speed of the tailing thread is unstable due to the shortening of its length and adjustment of its shape. However, after 155 ms its speed is high enough to catch up with the main droplet.
Formation of Multiple Droplets without
Re-combination The conditions of droplet formation and injection for alcohol with pulse voltage of 32 volts are shown in Fig. 8(a) . It can be seen that a main droplet is separated from the tailing part, which forms satellites during 50-55 ms. When the liquid thread is broken from the liquid column, the main droplet keeps a constant shape. In contrast, the length of the breakup thread decreases rapidly from 40 to 15 mm and the thread finally regulates to a sphere about 18 mm in size as shown in Fig. 8(b) . Thereafter, the distance between the two droplets increases with time. Figure 8 (c) shows the droplet velocity during the ejection process. Initially, the separating distance between the main droplet and tailing part is about 6 mm in Fig. 8(a) . When the primary droplet is separated from the liquid column, its velocity which is about 3 m/s is higher than the speed of the breakup thread which is near 1 m/s. During 55-65 ms, the velocities of the main droplet and breakup thread are vibrating drastically as shown in Fig. 8(c) . During 55-60 ms, the speed of the trailing thread decreases as its length decreases as shown in Fig. 8(b) . During 60-65 ms, the speed of the trailing thread increases as its length increases as shown in Fig. 8(b) . After 150 ms, the velocity of the satellite is constantly smaller than that of the main droplet. In addition, the speeds of the main droplet and satellite decrease as a constant rate. Then, the separating distance increases with time and the lower speed satellite never catches up with the main droplet.
The conditions of droplet formation and injection for ethylene glycol with pulse voltage of 46 volts are shown in Fig. 9(a) . It can be seen that a main droplet is separated from the tailing part during 100-105 ms. Due to the effect of liquid properties, the tailing thread is in dumbbell shape and its volume is even bigger than that of the main droplet under high voltage. The distance between the two droplets increases with time as well. The tailing thread reduces its length gradually with time as shown in Fig. 9(b) . It is different from the satellite for alcohol of which the dimension adjusts to 18 mm dramatically within a short period of time as shown in Fig. 8(b) .
Under higher voltages, the large volume of satellites for ethylene glycol makes the contraction of its length rather slowly during the flying stage of the droplets. Fig. 9(c) shows that the speeds of the main droplet and satellite have the same tendency to decrease. However, their variations are different. Because the velocity of the satellite is always slower than main droplet as time proceeds, two droplets have never recombined.
Conclusions
In general, single droplet generated and ejected for each cycle of the waveform is the most desirable condition of the DOD inkjet printing process. The case is less desirable but acceptable in most applications when multiples droplets with one primary droplet and satellites are initially formed and the satellites eventually collide with the primary droplet before it hits the substrate. Multiple droplets with satellites never catching up with the primary droplet deteriorate the printing quality. The dynamics of droplet formation of liquid in a piezoelectric inkjet printing process with bipolar pulse and drop-on-demand (DOD) mode is investigated in this study. Two liquids with different viscosities and surface tension coefficients; alcohol and ethylene glycol, are studied. The effects of pulse voltage on the droplet formation are examined. The following conclusions can be drawn.
( broken from the nozzle. As the liquid column is separated into main droplet and its tail, the longer the tail the more difficult for the satellite to re-combine with the main droplet. (6) If satellites form, liquid with higher surface tension and viscosity tend to have dumbbell like satellite and the satellites possess larger volume than the main droplet.
